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(57) ABSTRACT 

This invention relates to an ampli?cation optical ?ber Which 
requires no gain equalizer and has a ?at gain spectrum and 
high polarization extinction ratio, and the like. The ampli 
?cation optical ?ber has a core region included in a light 
propagation region through Which signals having different 
Wavelengths propagate, a cladding region around the core 
region, and a polarization maintaining structure for main 
taining the polarized states of the signals. The ampli?cation 
optical ?ber is mainly comprised of silica glass, and Er and 
A1 of 4 Wt % or more are doped into at least part of the light 
propagation region including the core region. 

12 Claims, 9 Drawing Sheets 
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AMPLIFICATION OPTICAL FIBER, FIBER 
OPTIC AMPLIFIER, OPTICAL 
TRANSMITTER, AND OPTICAL 
COMMUNICATION SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an ampli?cation optical 
?ber for amplifying signals of a plurality of channels, a ?ber 
optic ampli?er including the ampli?cation optical ?ber, an 
optical transmitter including the ?ber optic ampli?er, and an 
optical communication system including the optical trans 
mitter. 

2. Related Background Art 
A?ber optic ampli?er is an optical device for amplifying 

multiplexed signals (WDM signals) of a plurality of chan 
nels With different Wavelengths at once through an ampli 
?cation optical ?ber to Which pumping light is supplied in 
WDM (Wavelength Division Multiplexing) transmission, 
and is provided in an optical transmitter, relay device, or 
optical receiver in an optical communication system. As a 
general ampli?cation optical ?ber, a silica-based optical 
?ber (EDF: Erbium-Doped Fiber) having a core region 
doped With Er is knoWn. A ?ber optic ampli?er (EDFA: 
Erbium-Doped Fiber optic Ampli?er) using such an EDF as 
an ampli?cation optical ?ber ampli?es signals in the C band 
(Wavelength band: 1,530 to 1,560 nm) or L band 
(Wavelength band: 1,570 to 1,600 nm) using pumping light 
having a Wavelength of 980 nm or 1,480 nm. 

An EDFA for amplifying C-band signals is described in, 
e.g., reference 1 “Tashiro et al., “High-Power constant 
polariZation mode dispersion-shifted Er-doped optical ?ber 
ampli?er”, 1996, IEICE General Conference, C-330” or 
reference 2 “IZoe et al., “980 nm Pumping PolariZation 
Holding Er-Doped Optical Fiber”, 2000, IEICE General 
Conference, C-3-26”. Each of the EDFAs described in these 
references uses, as an ampli?cation optical ?ber, an EDF 
having a polariZation maintaining structure for maintaining 
the polariZed state of propagated light and ampli?es C-band 
signals Without changing the polariZed state. The core region 
of the EDF described in reference 1 is doped not only With 
erbium (Er) at a concentration of 244 ppm but also With 
aluminum at a concentration of 600 ppm. The core 
region of the EDF described in reference 2 is doped not only 
With Er at a concentration of 1,210 Wt.ppm but also With A1 
at a concentration of 11,600 Wt.ppm. 

Such an EDFA for amplifying signals While keeping the 
polariZed state unchanged is arranged in, e.g., an optical 
transmitter Which sets and outputs WDM signals of a 
plurality of channels in one of tWo polariZed states that are 
orthogonal to each other. In this case, the EDFA is used to 
compensate for a transmission loss in a dispersion compen 
sator in the optical transmitter, and the necessary gain is 
generally relatively as small as about 15 dB. Even When the 
EDFA has Wavelength dependence of the gain (gain 
uniformity), the levels of WDM signals output from the 
optical transmitter are adjusted to a predetermined level by 
adjusting the output levels of light sources for outputting the 
signals of the channels. Hence, a gain equaliZer is not alWays 
needed. 

SUMMARY OF THE INVENTION 

The present inventors examined the above-described prior 
arts and found the folloWing problem. In the conventional 
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2 
optical transmitter, the output level of a general DFB-LD 
(Distributed FeedBack Laser Diode) used as a light source 
is adjusted by adjusting the supplied current value, though 
the output Waveform changes simultaneously. In D-WDM 
(Dense Wavelength Division Multiplexing) transmission, 
the alloWable variation Width of a signal Wavelength per 
channel is generally 0.1 nm, and a corresponding adjustable 
Width of the output level of a DFB-LD is 2 dB. 

Hence, in such D-WDM transmission, an EDFA installed 
in an optical transmitter preferably has a small gain unifor 
mity (a suf?cient gain spectrum ?atness is ensured in the use 
Wavelength band) and more preferably has a gain uniformity 
of 2 dB or less. In this case, a gain equaliZer must be 
arranged in the EDFA. HoWever, a gain equaliZer having a 
polariZation maintaining function is expensive and also 
degrades the polariZation extinction ratio. 
The present invention has been made to solve the above 

described problem, and has as its object to provide an 
ampli?cation optical ?ber (EDF) Which requires no gain 
equaliZer and has a small gain uniformity (?at gain 
spectrum) betWeen signal channels and high polariZation 
extinction ratio, a ?ber optic ampli?er (EDFA) including the 
ampli?cation optical ?ber, an optical transmitter including 
the ?ber optic ampli?er, and an optical communication 
system including the optical transmitter. 
An ampli?cation optical ?ber according to the present 

invention is a silica-based optical ?ber for amplifying WDM 
signals of a plurality of channels With different Wavelengths 
at once upon receiving pumping light. The ampli?cation 
optical ?ber has a polariZation maintaining structure for 
maintaining the polariZed state of signals. In addition, 
erbium (Er) and aluminum at a concentration of 4 Wt % 
or more are doped into at least part of the light propagation 
region through Which the signals propagate. A ?ber optic 
ampli?er according to he present invention comprises the 
ampli?cation optical ?ber (ampli?cation optical ?ber 
according to the present invention) for amplifying signals 
upon receiving pumping light, and a pumping light source 
for supplying the pumping light to the ampli?cation optical 
?ber. When pumping light (the Wavelength is, e.g., 1,480 or 
980 nm) is supplied to the ampli?cation optical ?ber, signals 
(e.g., C band or L band) input to the ampli?cation optical 
?ber are ampli?ed While keeping their polariZed state. 
The ampli?cation optical ?ber applied to the ?ber optic 

ampli?er according to the present invention has a polariZa 
tion maintaining structure and also a structure in Which Er 
and A1 at a concentration of 4 Wt % or more are doped into 
at least part of the core region included in the light propa 
gation region. For this reason, a ?at gain spectrum and high 
polariZation extinction ratio can be obtained Without using a 
gain equaliZer. In addition, since this ampli?cation optical 
?ber requires no gain equalizer, the manufacturing cost can 
be reduced. 

The ampli?cation optical ?ber according to the present 
invention preferably has a cutoff Wavelength of 1.15 pm or 
more. The ?ber optic ampli?er according to the present 
invention preferably ampli?es signals With Wavelengths 
included in the L band by the ampli?cation optical ?ber. In 
this case, even When the ampli?cation optical ?ber is Wound 
in a coil shape and accommodated, the bending loss of the 
ampli?cation optical ?ber falls Within the alloWable range. 
Hence, even When the ampli?cation optical ?ber becomes 
long to amplify L-band signals, the ?ber optic ampli?er can 
be made compact, and any increase in bending loss can be 
effectively suppressed. 

In the ?ber optic ampli?er according to the present 
invention, the polariZation extinction ratio at a Wavelength 



US 6,538,807 B2 
3 

of 1.60 pm (1,600 nm) is preferably 20 dB or more, and 
more preferably, 25 dB or more. 

An optical transmitter according to the present invention 
comprises a ?rst light source system for outputting signals of 
a plurality of channels With different Wavelengths, each 
signal being set in a ?rst polarized state, and a second light 
source system for outputting signals of a plurality of chan 
nels With Wavelengths different from those of the signals 
output from the ?rst light source system, each signal being 
set in a second polariZed state different from the ?rst 
polariZed state. Especially, the signal channels output from 
the optical transmitter are sequentially alternately assigned 
to the ?rst and second light source systems such that the 
polariZed state alternately changes from the short Wave 
length side to the long Wavelength side so as to effectively 
suppress any nonlinear optical phenomenon such as four 
Wave mixing in the transmission path. The optical transmit 
ter has a multiplexer for multiplexing the signals output 
from the ?rst and second light source systems While keeping 
their polariZed states unchanged. The optical transmitter also 
has a ?ber optic ampli?er having the above-described struc 
ture. The ?ber optic ampli?er may be arranged, e.g., at a 
position to amplify the signals output from the ?rst and 
second light source systems at once. 

The optical transmitter according to the present invention 
may have a structure for compensating for chromatic dis 
persion every channel or every several channels (a disper 
sion compensation ?ber is inserted betWeen the ?rst light 
source system and the multiplexer). Actually, since the 
necessary dispersion compensation amount changes for each 
channel, the length of the dispersion compensation ?ber to 
be installed also changes for each signal channel. HoWever, 
since the dispersion compensation ?ber has a large trans 
mission loss, the signal level difference betWeen a signal 
channel for Which a dispersion compensation ?ber is pre 
pared and a signal channel for Which no dispersion com 
pensation ?ber is prepared increases. To prevent this 
problem, for the optical transmitter, one or a plurality of ?ber 
optic ampli?ers each having the above-described structure 
may be inserted betWeen the ?rst light source system and the 
multiplexer for a corresponding signal channel. One or a 
plurality of ?ber optic ampli?ers each having the above 
described structure may also be inserted betWeen the second 
light source system and the multiplexer to uniform the signal 
levels betWeen the signal channels. 
An optical communication system according to the 

present invention comprises an optical transmitter having 
the above-described structure and transmits WDM signals 
output from the optical transmitter. 

In such an optical communication system, each WDM 
signal output from the ?rst or second light source system 
While being set in the ?rst or second polariZed state, and is 
multiplexed. BetWeen the ?rst or second light source system 
and the multiplexer, to improve the variation in signal level 
betWeen channels due to dispersion compensation executed 
for each signal channel, the signals of some channels are 
ampli?ed by a ?ber optic ampli?er and output from the 
optical transmitter. With this arrangement, the signal levels 
betWeen the signal channels output from the optical trans 
mitter can be uniformed. In addition, since the WDM signals 
output from the ?rst and second light source systems are set 
in the tWo polariZed states that are orthogonal to each other, 
any nonlinear optical phenomenon during propagation 
through the ?ber transmission path can be effectively 
suppressed, and the Wave spacing betWeen the WDM signals 
can be reduced (the signal transmission amount can be 
increased). In one of the ?rst and second light source 
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4 
systems, the signals of some channels are ampli?ed by a 
?ber optic ampli?er having a ?at gain spectrum and high 
polariZation extinction ratio, and the variation in gain 
betWeen the signal channels can be effectively reduced. 
Even in respect to this point, the Wave spacing betWeen the 
signal channels can be reduced (the signal transmission 
amount can be further increased). 
The present invention Will become more fully understood 

from the detailed description given hereinbeloW and the 
accompanying draWings Which are given by Way of illus 
tration only, and thus are not to be considered as limiting the 
present invention. 

Further scope of applicability of the present invention Will 
become apparent from the detailed description given here 
inafter. HoWever, it should be understood that the detailed 
description and speci?c examples, While indicating pre 
ferred embodiments of the invention, are given by Way of 
illustration only, since various changes and modi?cations 
Within the spirit and scope of the invention Will become 
apparent to those skilled in the art from this detailed descrip 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a vieW shoWing the sectional structure of an 
ampli?cation optical ?ber according to the present inven 
tion; 

FIG. 1B is a vieW shoWing the index pro?le of the 
ampli?cation optical ?ber; 

FIG. 2 is a graph shoWing the bending characteristic of the 
ampli?cation optical ?ber according to the present inven 
tion; 

FIG. 3 is a table shoWing the speci?cations of a plurality 
of types of samples and a comparative example of the 
ampli?cation optical ?ber according to the present inven 
tion; 

FIG. 4 is a graph shoWing the relationship betWeen the 
inverted population and the relative gain uniformity of each 
sample shoWn in FIG. 3; 

FIG. 5 is a vieW shoWing the structure of a ?ber optic 
ampli?er according to the present invention; 

FIGS. 6A and 6B are graphs respectively shoWing the 
Wavelength dependence of the gain characteristic and the 
Wavelength dependence of the noise factor characteristic of 
the ?ber optic ampli?er according to the present invention; 

FIG. 7 is a graph shoWing the temperature dependence of 
the polariZation extinction ratio of the ?ber optic ampli?er 
according to the present invention; 

FIG. 8 is a block diagram shoWing the structure of the ?rst 
embodiment of an optical communication system according 
to the present invention (including an optical transmitter 
according to the present invention); and 

FIG. 9 is a block diagram shoWing part of the structure 
(mainly the structure of an optical transmitter) of the second 
embodiment of an optical communication system according 
to the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The embodiments of an ampli?cation optical ?ber, ?ber 
optic ampli?er, optical transmitter, and optical communica 
tion system according to the present invention Will be 
described beloW in detail With reference to FIGS. 1A, 1B, 
and 2 to 9. The same reference numerals denote the same 
element throughout the draWings, and a repetitive descrip 
tion thereof Will be omitted. 
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FIG. 1A is a vieW showing the sectional structure of an 
EDF 10, i.e., an ampli?cation optical ?ber according to the 
present invention. FIG. 1B is a vieW shoWing the index 
pro?le of the EDF 10. The EDF 10 contains silica glass as 
a main component and has a core region 11 extending along 
a predetermined axis and a cladding region 12 surrounding 
the core region 11 and also has a polariZation maintaining 
structure for maintaining the polariZed state of signals 
propagating. 
As polariZation maintaining structures applicable to an 

optical ?ber, a Panda type, BoW tie type, Oval core type, and 
Elliptical stress member type are knoWn, as indicated by, 
e.g., “FIBER OPTIC TEST AND MEASUREMENT”, 
HEWLETT-PACKARD, PROFESSIONAL BOOKS p. 236 
(Chapter 6). In this embodiment, an ampli?cation optical 
?ber using a Panda type polariZation maintaining structure 
Will be described. That is, the EDF 10 has tWo stress 
applying regions 13a and 13b on both sides of the core 
region 11, as shoWn in FIG. 1A. An outer diameter D11 of the 
core region 11 is, e.g., 2.5 to 4.0 pm, an outer diameter D13 
of each of the stress applying regions 13a and 13b is, e.g., 
30 to 35 pm, and an outer diameter D1O of the EDF 10 is 125 
pm. The EDF 10 is mainly formed from silica glass. Er and 
A1 at a concentration of 4 Wt % or more are doped into at 
least part of the core region 11 included in the light propa 
gation region. F is doped into the cladding region 12, and 
boron (B) is doped into the stress applying regions 13a and 
13b Which form the polariZation maintaining structure. 

Each of the stress applying regions 13a and 13b doped 
With B has a thermal expansion coef?cient larger than that 
of the core region 11 or cladding region 12 and therefore 
shrinks after the optical ?ber preform draWing process in 
manufacturing the EDF 10. As a result of this shrink, stress 
that pulls the core region 11 in a direction to connect the 
stress applying regions 13a and 13b remains, and stress for 
compressing the core region 11 in a direction perpendicular 
to the above direction also remains. Since the stress applying 
regions 13a and 13b apply different stresses to the core 
region 11 in tWo directions perpendicular to the optical axis, 
birefringence occurs, and the polariZed state of light propa 
gating through the EDF 10 is held. That is, the stress 
applying regions 13a and 13b function to maintain the 
polariZed state of light propagating through the EDF 10. 

Increasing the Al concentration and increasing the Ge 
concentration in the core region 11 are inconsistent require 
ments in manufacturing the EDF 10. In the EDF 10, to 
ensure a suf?cient relative refractive index difference 
betWeen the core region 11 and the cladding region 12 
Without increasing the Ge concentration, F is doped into the 
cladding region 12. In addition, since the boundaries 
betWeen the cladding region 12 and the stress applying 
regions 13a and 13b are formed from pure silica glass, the 
EDF 10 can be manufactured at a loW cost. Letting n1 be the 
refractive index of the core region 11, and n2 be the 
refractive index of the cladding region 12, a relative refrac 
tive index difference A betWeen the core region 11 and the 
cladding region 12 is given by 

FIG. 1B is a vieW shoWing an index pro?le 150 of the 
EDF 10 shoWn in FIG. 1A along a line Lperpendicular to the 
optical axis. In the index pro?le 150, a region 151 represents 
a refractive index on the line L in the core region 11, a region 
152 represents a refractive index on the line L in the cladding 
region 12, and regions 153a and 153b represent refractive 
indices on the line L in the stress applying regions 13a and 
13b. 
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6 
In the EDF 10 having the index pro?le 150, the energy of 

propagated light concentrates in the core region 11 and also 
partially concentrates in the stress applying regions 13a and 
13b. For this reason, the bending loss of the EDF 10 may be 
larger than that of a normal EDF having no stress applying 
region. HoWever, since the energy of light propagating 
through the EDF 10 can be further concentrated in the core 
region 11 by making the cutoff Wavelength long (e.g., 1.15 
pm or more), any increase in bending loss of the EDF 10 is 
effectively suppressed. 

FIG. 2 is a graph shoWing the bending characteristic of the 
ampli?cation optical ?ber (EDF 10) shoWn in FIGS. 1A and 
1B. FIG. 2 shoWs the relationship betWeen the cutoff Wave 
length and the bending loss of the EDF 10. The bending loss 
Was measured by Winding a 5-m long EDF 10 into a coil 
shape With a diameter of 35 mm, inputting measurement 
light With a Wavelength of 1,600 nm to the EDF 10 Wound 
in the coil shape, and detecting the difference betWeen the 
input level and the output level of the measurement light. 
As is apparent from the graph, the longer the cutoff 

Wavelength becomes, the smaller the bending loss becomes. 
If the bending loss of the EDF 10 is 0.5 dB or less, it is 
almost the same as the insertion loss of other optical 
components inserted into the EDF. Hence, a bending loss of 
0.5 dB or less is alloWable. To suppress the bending loss in 
the alloWable range, the cutoff Wavelength of the EDF 10 is 
preferably 1.15 pm or more. 

The EDF 10 for amplifying L-band signals must be longer 
than that for amplifying C-band signals. HoWever, When the 
cutoff Wavelength of the EDF 10 is 1.15 pm or more, any 
increase in bending loss is suppressed, and therefore, even 
the EDF 10 for amplifying L-band signals can be accom 
modated in a small space. 

FIG. 3 is a table shoWing the speci?cations of samples and 
a control of the EDF 10, i.e., three ampli?cation optical 
?bers EDF-1 to EDF-3. In each of the EDF-2 and EDF-3, Er 
and A1 at a concentration of 4 Wt % or more are doped into 
the entire core region included in the light propagation 
region. The EDF-3 has a cutoff Wavelength of 1.15 pm or 
more, and its bending loss is small. On the other hand, the 
EDF-1 is a sample prepared for comparison in Which A1 at 
a concentration of about 1 Wt % is doped into part of the core 
region (about 1/2 region). All the EDF-1 to EDF-3 have a 
Panda-type polariZation maintaining structure. 

For the control EDF-l, the outer diameter of the core 
region is 3.6 pm, the relative refractive index difference 
betWeen the core region and the cladding region is 1.5%, the 
cutoff Wavelength is 1.25 pm, the Er- and Al-doped region 
is 1/2 the core region, the mode ?eld diameter (MFD) at a 
Wavelength of 1.55 pm is 4.8 pm, the Er concentration is 
about 1,600 Wt.ppm, the Al concentration is about 1 Wt %, 
the unsaturated absorption peak is 8.5 dB/m, the polariZation 
crosstalk at a Wavelength of 1,550 nm is 27 dB, and the 
sample length is 2 m. 

For the EDF-2, the outer diameter of the core region is 2.5 
pm, the relative refractive index difference betWeen the core 
region and the cladding region is 1.1%, the cutoff Wave 
length is 0.95 pm, the Er- and Al-doped region is the entire 
core region, the mode ?eld diameter (MFD) at a Wavelength 
of 1.55 pm is 7.0 pm, the Er concentration is about 1,500 
Wt.ppm, the Al concentration is 5 Wt %, the unsaturated 
absorption peak is 7.1 dB/m, the polariZation crosstalk at a 
Wavelength of 1,625 nm is 34 dB, and the sample length is 
20 m. 

For the EDF-3, the outer diameter of the core region is 4.0 
pm, the relative refractive index difference betWeen the core 
region and the cladding region is 1.1%, the cutoff Wave 
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length is 1.31 pm, the Er- and Al-doped region is the entire 
core region, the mode ?eld diameter (MFD) at a Wavelength 
of 1.55 pm is 6.0 pm, the Er concentration is 1,000 Wt.ppm, 
the Al concentration is 4 Wt %, the unsaturated absorption 
peak is 14.3 dB/m, the polarization crosstalk at a Wavelength 
of 1,620 nm is 32.9 dB, and the sample length is 20 In 

FIG. 4 is a graph shoWing the relationship betWeen the 
inverted population and the relative gain uniformity of each 
of the samples EDF-1 to EDF-3 having the above speci? 
cations. Referring to FIG. 4, a graph G410 indicates the 
measurement result for the sample EDF-1, a graph G420 
indicates the measurement result for the sample EDF-2, and 
a graph G430 indicates the measurement result for the 
sample EDF-3. The relative gain uniformity is a value 
obtained by dividing the gain uniformity (dB) in a Wave 
length band of 1,535 to 1,560 nm by the minimum gain (dB). 
The gain uniformity means the difference betWeen the 
maXimum and minimum gains of the gain spectrum in the 
above Wavelength band. The band of 1,535 to 1,560 nm is 
necessary to WDM-transmit signals of 32 channels at an 
interval of 100 GHZ. 
As is apparent from the graphs G410 to G430, as the Al 

concentration becomes high, the relative gain uniformity 
becomes small independently of the state of inverted popu 
lation. That is, each of the samples EDF-2 and EDF-3 
included in the ampli?cation optical ?ber according to the 
present invention has a gain uniformity smaller than that of 
the sample EDF-1 as a control. 
A ?ber optic ampli?er according to the present invention 

Will be described neXt. FIG. 5 is a vieW shoWing the 
structure of a ?ber optic ampli?er (EDFA 100) according to 
the present invention. This EDFA 100 comprises a branch 
coupler 31, optical isolator 41, WDM coupler 51, above 
described EDF 10 With a polariZation maintaining structure, 
WDM coupler 52, optical isolator 42, and branch coupler 32, 
Which are sequentially arranged from an input connector 21 
to an output connector 22. A light-receiving portion 61 is 
optically connected to the branch coupler 31. A light 
receiving portion 62 is optically connected to the branch 
coupler 32. Apumping light source 70 is optically connected 
to the WDM couplers 51 and 52 through a branch coupler 
80. The EDFA 100 also has a control section 90 for con 
trolling the poWer of pumping light to be output from the 
pumping light source 70. 

The branch coupler 31 branches a partial poWer of light 
(containing signals) input to the input connector 21 to the 
light-receiving portion 61 and outputs the remaining poWer 
to the optical isolator 41. The optical isolator 41 is an optical 
device Which passes light in the forWard direction from the 
branch coupler 31 to the WDM coupler 51 but not in the 
reverse direction and includes a polariZation-independent 
crystal. The WDM coupler 51 outputs the signals from the 
optical isolator 41 to the EDF 10 and also outputs the 
pumping light from the branch coupler 80 to the EDF 10. 

The WDM coupler 52 outputs the signals from the EDF 
10 to the optical isolator 42 and also outputs the pumping 
light from the branch coupler 80 to the EDF 10. The optical 
isolator 42 is an optical device Which passes light in the 
forWard direction from the WDM coupler 52 to the branch 
coupler 32 but not in the reverse direction and includes a 
polariZation independent crystal. The branch coupler 32 
branches some components of light (containing signals) 
from the optical isolator 42 to the light-receiving portion 62 
and outputs the remaining components to the output con 
nector 22. 

The light-receiving portion 61 detects the poWer of the 
signals from the branch coupler 31 and outputs signals 
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(input level signals) corresponding to the poWer. The light 
receiving portion 62 detects the poWer of the signals from 
the branch coupler 32 and outputs signals (output level 
signals) corresponding to the poWer. The control section 90 
receives the input level signals output from the light 
receiving portion 61 and the output level signals output from 
the light-receiving portion 62 and controls the poWer of 
pumping light to be output from the pumping light source 70 
on the basis of the pieces of received information. The 
branch coupler 80 branches the pumping light output from 
the pumping light source 70 into tWo components. One of 
the branched pumping light components is output to the 
WDM coupler 51, and the other pumping light component 
is output to the WDM coupler 52. 
The EDFA 100 according to the present invention oper 

ates in the folloWing manner. Pumping light output from the 
pumping light source 70 is branched into tWo components 
by the pumping light source 70, and the branched pumping 
light components are supplied to the EDF 10 through the 
WDM couplers 51 and 52 (bidirectional pumping). Signals 
input through the input connector 21 sequentially pass 
through the branch coupler 31, optical isolator 41, and 
WDM coupler 51 and arrive at the EDF 10. The EDF 10 that 
has arrived at the EDF 10 is ampli?ed by the EDF 10. The 
signals ampli?ed by the EDF 10 sequentially pass through 
the WDM coupler 52, optical isolator 42 and branch coupler 
32, and are output from the EDFA 100 through the output 
connector 22. 
Some components of the light input through the input 

connector 21 are branched by the branch coupler 31 and 
arrive at the light-receiving portion 61. The light-receiving 
portion 61 receives the incoming signals and outputs input 
level signals respectively corresponding to the poWers of the 
signals. In addition, some components of the light to be 
output through the output connector 22 are branched by the 
branch coupler 32 and arrive at the light-receiving portion 
62. The light-receiving portion 62 receives the incoming 
signals and outputs output level signals respectively corre 
sponding to the poWers of the signals. The control section 90 
controls the poWer of pumping light to be output from the 
pumping light source 70 on the basis of the input and output 
level signals such that the gain of the EDFA 100 is kept 
constant. 

A detailed eXample of the EDFA 100 according to the 
present invention Will he described beloW. The designed 
gain of the EDFA 100 is 13 dB. The EDF 10 is the EDF-3 
shoWn in FIG. 3, Which has a length of 30 m, an unsaturated 
absorption peak of 430 dB, and a diameter of 40 mm, and is 
Wound in a coil shape and accommodated. The pumping 
light source 70 is a DFB-LD for outputting a laser beam 
having a Wavelength of 1,480 nm as pumping light. Each of 
the WDM couplers 51 and 52 is formed from a ?ler-type 
coupler for multipleXing/demultipleXing light components 
in 1,480- and 1,580-nm Wavelength bands. The Wavelength 
band of signals to be ampli?ed by the EDFA 100 is the L 
band. The loss in signals from the input connector 21 to the 
EDF 10 is 1.1 dB, and the loss in signals from the EDF 10 
to the output connector 22 is 1.3 dB. 
When the poWer of pumping light to be output from the 

pumping light source 70 is controlled such that the poWer of 
the signals to be output from the EDFA 100 becomes 
constant, the branch coupler 31 and light-receiving portion 
61 can be omitted. When the pumping light is supplied from 
the WDM coupler 51 side to the EDF 10 (forWard pumping), 
the WDM coupler 52 and branch coupler 80 can be omitted. 
Conversely, When the pumping light is supplied from the 
WDM coupler 52 side (backWard pumping), the WDM 
coupler 51 and branch coupler 80 can be omitted. 
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FIGS. 6A and 6B are graphs respectively showing the 
Wavelength dependence of the gain characteristic and the 
dependence of the noise factor characteristic of the ?ber 
optic ampli?er (EDFA 100) shoWn in FIG. 5. A graph G610 
represents the Wavelength dependence of the gain 
characteristic, and a graph G620 represents the Wavelength 
dependence of the noise factor characteristic. As measure 
ment conditions, the poWer of the signals input from the 
input connector 21 is +2 dBm, and the poWer of the signal 
output from the output connector 22 is +15 dBm (at this 
time, the poWer of pumping light output from the pumping 
light source 70 is 95 As is apparent from this graph, 
in a Wavelength band of 1,572 to 1,602 nm, the gain 
uniformity is 0.5 dB or less, and the noise factor is 6 dB or 
less. 

FIG. 7 is a graph shoWing the temperature dependence of 
the polarization extinction ratio of the ?ber optic ampli?er 
(EDFA 100) according to the present invention 
(measurement result at a Wavelength of 1,600 nm). As is 
apparent from this graph, the polarization extinction ratio 
Within the temperature range of 0° C. to 60° C. is 19.5 to 
20.5 dB. 
As described above, the EDFA 100 according to the 

present invention uses, as an ampli?cation optical ?ber, the 
EDF 10 having a polarization maintaining structure, in 
Which Er and A1 at a concentration of 4 Wt % or more are 
doped into the core region 11 included in the light propa 
gation region. For this reason, the gain uniformity betWeen 
signals can be made small (the gain spectrum can be 
?attened) and the polarization extinction ratio can be made 
high Without using a gain equalizer. The EDFA 100 that 
requires no gain equalizer can be manufactured at a loW cost. 
In addition, When the EDF 10 having a cutoff Wavelength of 
1.15 pm or more is used, the EDFA 100 can be made 
compact. That is, even When the EDF 10 is Wound in a coil 
shape and accommodated, the bending loss of the EDF 10 
falls Within the alloWable range. Additionally, even When the 
EDF 10 becomes long to amplify L-band signals, any 
increase in bending loss of the EDF 10 can be effectively 
suppressed. 
An optical transmitter according to the present invention 

and an optical communication system including the optical 
transmitter Will be described next. FIG. 8 is a block diagram 
shoWing the structure of the ?rst embodiment of an optical 
transmitter 2 according to the present invention and an 
optical communication system 1 including the optical trans 
mitter. For this optical communication system 1, the optical 
transmitter 2 and optical receiver 3 are optically connected 
by an optical ?ber transmission path 4. A relay device may 
be arranged on the optical ?ber transmission path 4. The 
optical transmitter 2 comprises 2N (N is a positive integer) 
light sources 2101 to 2102N, 2N optical polarization con 
trollers 2201 to 2202N, multiplexers 231 and 232, optical 
polarization synthesizer 240, and EDFA 100 having the 
above-described structure. The optical receiver 3 comprises 
a demultiplexer 310 and 2N receiving portions 3201 to 
3202N. 

Each light source 210k (k is an arbitrary integer; 
lékéZN) outputs signals having a Wavelength )tk. Wave 
lengths )»1 to )LZN belong to the L band and hold a relation 
ship )»1<)t2< . . . <)\,2n_1<)\,2n<. . . <)»2N. As each light source 

210k, a DFB-LD is preferably used. Each optical polariza 
tion controller 220k outputs signals output from a corre 
sponding 210k as linearly polarized light. The multiplexer 
231 multiplexes the signals output from the optical polar 
ization controllers 2201, 2203, . . . , 2202n_1, . . . , and 

2202N_1 and outputs the multiplexed signals to the optical 
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polarization synthesizer 240. The multiplexer 232 multi 
plexes the signals output from the optical polarization con 
trollers 2202, 2204, . . . , 2202”, . . . , and 2202N and outputs 

the multiplexed signals to the optical polarization synthe 
sizer 240. 

In this embodiment, the light sources 2101 to 2102N for 
outputting the signal Wavelengths M to )LZN are sequentially 
numbered in ascending order of signal Wavelength to be 
output and divided into a ?rst light source system 2a 
including the odd-numbered light sources 2101, 2103, . . . , 

2102n_1, . . . , and 2102N_1 and optical polarization control 

lers 2201, 2203, . . . , 2202n_1, . . . , and 2202N_1 and a second 

light source system 2b including the even-numbered light 
sources 2102, 2104, . . . , 2102”, . . . , and 2102N and optical 

polarization controllers 2202, 2204, . . . , 2202”, . . . , and 

2202N. The system is designed to make the polarized states 
of the signals output from the ?rst and second light source 
systems 2a and 2b orthogonal. Hence, the plane of polar 
ization of the signals (k1, k3, . . . , )tzn_l, . . . , >\.N_1) output 
from the multiplexer 231 to the optical polarization synthe 
sizer 240 and the plane of polarization of the signals (k2, 
k3, . . . , k2”, . . . , KN) output from the multiplexer 232 to 

the optical polarization synthesizer 240 are orthogonal. 
The optical polarization synthesizer 240 multiplexes the 

signals (k1, k3, . . . , )LZn_1, . . . , >\.N_1) output from the 

multiplexer 231 and the signals (k2, k3, . . . , k2”, . . . , KN) 

output from the multiplexer 232 and outputs the 2N multi 
plexed signals to the EDFA 100. Even at the time of output 
from the optical polarization synthesizer 240, the plane of 
polarization of the signals (k1, k3, . . . , )tzn_l, . . . , >\.N_1) and 

the plane of polarization of the signals (k2, k3, . . . , k2”, . 
. . , KN) are orthogonal. The EDFA 100 ampli?es the signals 
()\,1 to )tZN) of the respective channels output from the optical 
polarization synthesizer 240 at once and outputs the signals 
to the optical ?ber transmission path 4. 
The demultiplexer 310 demultiplexes the signals of the Zn 

channels propagating through the optical ?ber transmission 
path 4 into the respective Wavelengths. Each receiving 
portion 320k receives signals having a corresponding Wave 
length )tk multiplexed by the demultiplexer 310. 
The optical communication system 1 according to the ?rst 

embodiment operates in the folloWing Way. In the optical 
transmitter 2, the signals having the Wavelength )tl output 
from the light source 210k are converted into linearly 
polarized light by the optical polarization controller 220k. 
The signals (k1, k3, . . . , )tzn_l, . . . , >\.N_1) output from the 

optical polarization controllers 2201, 2203, . . . , 2202n_1, . . . , 

and 2202N_1 included in the ?rst light source system 2a are 
multiplexed by the multiplexer 231. On the other hand, the 
signals (k2, k3, . . . , k2”, . . . , KN) output from the optical 

polarization controllers 2202, 2204, . . . , 2202”, . . . , and 

2202N included in the second light source system 2b are 
multiplexed by the multiplexer 232. These signals ()tl to 
)tzN) of 2N channels are further multiplexed by the optical 
polarization synthesizer 240 and input to the EDFA 100. Of 
the signals of 2N channels input to the EDFA 100, the plane 
of polarization of the signals of N channels (k1, k3, . . . , 

)tzn_l, . . . , >\.N_1) and the plane of polarization of the 

remaining signals of N channels (k2, k3, . . . , k2”, . . . , KN) 

are orthogonal. These signals of 2N channels are ampli?ed 
by the EDFA 100 and output to the optical ?ber transmission 
path 4 While keeping the polarized states unchanged. In the 
optical receiver 3, the signals of 2N channels that have 
arrived through the optical ?ber transmission path 4 are 
demultiplexed into the respective Wavelengths by the demul 
tiplexer 310. Each demultiplexed signal having the Wave 
length K1 is received by the receiving portion 320k prepared 
in correspondence With the signals. 
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As described above, in the optical communication system 
1 and optical transmitter 2 according to the ?rst 
embodiment, 2N channels are set in polariZed states 
orthogonal to each other alternately from the short Wave 
length side to the long Wavelength side, and the signals of N 
channels are transmitted from the optical transmitter 2 to the 
optical receiver 3 through the optical ?ber transmission path 
4. Hence, since any nonlinear optical phenomenon such as 
four Wave mixing or cross phase modulation that may occur 
When these signals of N channels propagate through the 
optical ?ber transmission path 4 can be effectively 
suppressed, and the Wave spacing betWeen the signal chan 
nels can be reduced, the signal transmission amount can be 
increased. In addition, since the signals of 2N channels are 
ampli?ed by the EDFA 100 With a small gain uniformity and 
high polariZation extinction ratio, the Wave spacing can also 
be reduced in respect to this point, and the signal transmis 
sion amount can be further increased. 

In the optical communication system 1, a dispersion 
compensator (e.g., a dispersion compensation ?ber) may be 
arranged in the optical transmitter 2 to compensate for 
chromatic dispersion of the optical ?ber transmission path 4, 
and the EDFA 100 may compensate for a loss in signal in the 
dispersion compensator. The EDFA may be arranged either 
in the optical receiver 3 or in the relay device inserted 
betWeen the optical transmitter 2 and the optical receiver 3. 
When the polariZed states of signals are held, the EDFA 100 
having the above-described structure is preferably used as 
the EDFA provided in the optical receiver 3 or relay device. 
HoWever, if the signals of each channel are set in an 
unpolariZed state through the optical ?ber transmission path 
4, a normal EDFA can be used. 

In the second embodiment of an optical communication 
system according to the present invention, a dispersion 
compensation ?ber serving as a dispersion compensator is 
prepared in an optical transmitter 2 for one or a plurality of 
signal channels, and one or more EDFAs 100 each having 
the above-described structure are prepared to uniform the 
signal levels betWeen the signal channels, i.e., ?atten the 
gain spectrum. The EDFA 100 has a small gain uniformity 
betWeen signal channels and can therefore be used for any 
signal channel. 

FIG. 9 is a block diagram mainly shoWing the structure of 
the optical transmitter 2 as the structure of the second 
embodiment of an optical communication system 1 accord 
ing to the present invention. In the optical communication 
system 1 according to the second embodiment, the optical 
transmitter 2 and optical receiver 3 are optically connected 
by an optical ?ber transmission path 4, as in the above 
described ?rst embodiment. Arelay device may be arranged 
on the optical ?ber transmission path 4. The optical trans 
mitter 2 comprises 2N (N is a positive integer) light sources 
2101 to 2102N, 2N optical polariZation controllers 2201 to 
2202N, multiplexers 231 and 232, optical polariZation syn 
thesiZer 240, and EDFA 100 having the above-described 
structure. Signal channels output from the optical transmitter 
2 are sequentially alternately assigned to ?rst and second 
light source systems 2a and 2b such that the polariZed state 
alternately changes from the short Wavelength side to the 
long Wavelength side. The arrangement of the optical 
receiver 3 in the second embodiment is the same as in the 
?rst embodiment. 

Each light source 210k (k is an arbitrary integer; 
lékéZN ) outputs signals having a Wavelength )tk. Wave 
lengths )»1 to )LZN belong to the L band and hold a relation 
ship )»1<)t2< . . . <>\,2n_1<)\,2n< . . . <)»2N. As each light source 

210k, a DFB-LD is preferably used. Each optical polariZa 
tion controller 2201 

10 

15 

25 

35 

45 

55 

65 

12 
outputs signals output from a corresponding 210k as linearly 
polariZed light. The multiplexer 231 multiplexes the signals 
output from the optical polariZation controllers 2201, 
2203, . . . , 2202n_1, . . . , and 2202N_1 and outputs the 

multiplexed signals to the optical polariZation synthesiZer 
240. The multiplexer 232 multiplexes the signals output 
from the optical polariZation controllers 2202, 2204, . . . , 

2202”, . . . , and 2202N and outputs the multiplexed signals 
to the optical polariZation synthesiZer 240. 

In this embodiment, the light sources 2101 to 2102N for 
outputting the signal Wavelengths M to )LZN are sequentially 
numbered from in ascending order of signal Wavelength to 
be output and divided into the ?rst light source system 2a 
including the odd-numbered light sources 2101, 2103, . . . , 

2102n_1, . . . , and 2102N_1 and optical polariZation control 

lers 2201, 2203, . . . , 2202n_1, . . . , and 2202N_1 and the 

second light source system 2b including the even-numbered 
light sources 2102, 2104, . . . , 2102”, . . . , and 2102N and 

optical polariZation controllers 2202, 2204, . . . , 2202”, . . . , 

and 2202N. The system is designed to make the polariZed 
states of the signals output from the ?rst and second light 
source systems 2a and 2b orthogonal. Hence, the plane of 
polariZation of the signals (k1, k3, . . . , )LZn_1, . . . , ANA) 

output from the multiplexer 231 to the optical polariZation 
synthesiZer 240 and the plane of polariZation of the signals 
(k2, k3, . . . , k2”, . . . , KN) output from the multiplexer 232 

to the optical polariZation synthesiZer 240 are orthogonal. 
In the second embodiment, to execute chromatic disper 

sion for the plurality of channels, couplers 250 and disper 
sion compensation ?bers 270 each serving as a dispersion 
compensator are inserted betWeen the second light source 
system 2b and the multiplexer 232, as shoWn in FIG. 9. In 
the second embodiment, the above-described EDFAs 100 
and variable attenuators 260 are also provided to uniform the 
signal levels betWeen the respective signal channels. 
Although the above description is related to the second light 
source system 2b, the ?rst light source system 2a side also 
has the same arrangement as described above. Hence, for the 
signals output from the multiplexer 231, the signal levels are 
uniformed betWeen the signal channels, and for the signals 
output from the multiplexer 232 as Well, the signal levels are 
uniformed betWeen the signal channels. 

The optical polariZation synthesiZer 240 multiplexes the 
signals (k1, k3, . . . , )L n_1, . . . , >\.N_1) output from the 

multiplexer 231 and the signals (k2, k3, . . . , k2”, . . . , KN) 

output from the multiplexer 232 and outputs the multiplexed 
signals of 2N channels to the optical ?ber transmission path 
4. Even at the time of output from the optical polariZation 
synthesiZer 240, the plane of polariZation of the signals (k1, 
k3, . . . , )tzn_l, . . . , >\.N_1)al'ld the plane of polariZation of 

the signals (k2, k3, . . . , k2”, . . . , KN) are orthogonal. 

The optical communication system 1 according to the 
second embodiment operates in the folloWing Way. In the 
optical transmitter 2, the signals having the Wavelength )tl 
output from the light source 210k are converted into linearly 
polariZed light by the optical polariZation controller 220k. 
The signals (k1, k3, . . . , )tzn_l, . . . , >\.N_1) output from the 

optical polariZation controllers 2201, 2203, . . . , 2202n_1, . . . , 

and 2202N_1 included in the ?rst light source system 2a are 
multiplexed by the multiplexer 231 after the signal levels 
betWeen the signal channels are uniformed by the EDFAs 
100 and variable attenuators 260. On the other hand, the 
signals (k2, k3, . . . , k2”, . . . , KN) output from the optical 

polariZation controllers 2202, 2204, . . . , 2202”, . . . , and 

2202N included in the second light source system 2b are also 
multiplexed by the multiplexer 232 after the signal levels 
betWeen the signal channels are uniformed by the EDFAs 
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100 and variable attenuators 260. These signals ()tl to km) 
of 2N channels are further multiplexed by the optical 
polarization synthesizer 240 and output to the optical ?ber 
transmission path 4. 

In the optical communication system 1 according to the 
second embodiment, the operation on the optical receiver 3 
side is the same as in the above-described ?rst embodiment. 
As has been described above, the ampli?cation optical 

?ber according to the present invention has a polarization 
maintaining structure for maintaining the polarized state of 
signals propagating and also a structure in Which Er and A1 
at a concentration of 4 Wt % or more are doped into the core 
region included in the light propagation region. With this 
structure, signals can be ampli?ed While maintaining the 
polarized state, and a ?at gain spectrum and high polariza 
tion extinction ratio can be obtained Without using a gain 
equalizer. Since this ampli?cation optical ?ber requires no 
gain equalizer, the manufacturing cost can be reduced. 

The cutoff Wavelength of the ampli?cation optical ?ber 
according to the present invention is preferably 1.15 pm or 
more, and a ?ber optic ampli?er including the ampli?cation 
optical ?ber preferably ampli?es signals With a Wavelength 
included in the L band. In this case, even When the ampli 
?cation optical ?ber is Wound in a coil shape and 
accommodated, the bending loss of the ampli?cation optical 
?ber falls Within the alloWable range. Hence, even When the 
ampli?cation optical ?ber becomes long to amplify L-band 
signals, any increase in bending loss can be effectively 
suppressed, and the ampli?cation optical ?ber can be 
accommodated in a small space. 

According to the optical transmitter and the optical com 
munication system including the optical transmitter of the 
present invention, WDM signals of a plurality of channels 
With different Wavelengths are output from the light source 
system such that the polarized state of the signal channels 
alternately changes from the short Wavelength side to the 
long Wavelength side. Since planes of polarization of the 
WDM signals are set to be orthogonal to each other alter 
nately from the short Wavelength side to the long Wave 
length side, any nonlinear optical phenomenon that may 
occur When the WDM signals propagate through the optical 
?ber transmission path can be effectively suppressed, the 
Wave spacing betWeen the signal channels can be reduced, 
and the signal transmission amount can be increased. In 
addition, since the WDM signals are ampli?ed by the ?ber 
optic ampli?er With a ?at gain spectrum and high polariza 
tion extinction ratio, the Wave spacing betWeen signal chan 
nels can also be reduced in respect to this point, and the 
signal transmission amount can be further increased. 
From the invention thus described, it Will be obvious that 

the embodiments of the invention may be varied in many 
Ways. Such variations are not to be regarded as a departure 
from the spirit and scope of the invention, and all such 
modi?cations as Would be obvious to one skilled in the art 
are intended for inclusion Within the scope of the folloWing 
claims. 
What is claimed is: 
1. Asilica-based ampli?cation optical ?ber for amplifying 

signals upon receiving pumping light, comprising: 
a light propagation region through Which the signals 

propagate and Which is at least partially doped With 
erbium and aluminum of 4 Wt % or more; and 

a polarization maintaining structure for maintaining a 
polarized state of the signals. 

2. An ampli?cation optical ?ber according to claim 1, 
Wherein a cutoff Wavelength of said ampli?cation optical 
?ber is 1.15 pm or more. 
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3. A ?ber optic ampli?er, comprising: 
said ampli?cation optical ?ber according to claim 1; and 
a pumping light source for supplying pumping light With 

a predetermined Wavelength to said ampli?cation opti 
cal ?ber. 

4. A ?ber optic ampli?er according to claim 3, Wherein 
signals having predetermined Wavelengths included in a 
Wavelength band of 1,570 to 1,600 nm are ampli?ed. 

5. A ?ber optic ampli?er according to claim 3, Wherein a 
polarization extinction ratio of said ?ber optic ampli?er at a 
Wavelength of 1.60 pm is 20 dB or more. 

6. A?ber optic ampli?er according to claim 5, Wherein the 
polarization extinction ratio of said ?ber optic ampli?er at a 
Wavelength of 1.60 pm is 25 dB or more. 

7. An optical transmitter, comprising: 
a ?rst light source system for outputting signals of a 

plurality of channels With different Wavelengths, each 
signal being set in a ?rst polarized state; 

a second light source system for outputting signals of a 
plurality of channels With Wavelengths different from 
those of the signals output from said ?rst light source 
system, each signal being set in a second polarized state 
different from the ?rst polarized state; and 

said ?ber optic ampli?er according to claim 3, Which 
ampli?es the signals output from said ?rst and second 
light source systems. 

8. An optical transmitter according to claim 7, Wherein the 
signal channels to be output from said optical transmitter are 
sequentially alternately assigned to said ?rst and second 
light source systems to alternately change the polarized state 
from a short Wavelength side to a long Wavelength side. 

9. An optical communication system comprising said 
optical transmitter according to claim 7. 

10. An optical transmitter, comprising: 
a ?rst light source system for outputting signals of a 

plurality of channels With different Wavelengths, each 
signal being set in a ?rst polarized state; 

a second light source system for outputting signals of a 
plurality of channels With Wavelengths different from 
those of the signals output from said ?rst light source 
system, each signal being set in a second polarized state 
different from the ?rst polarized state; 

a multiplexer for multiplexing the signals in the ?rst 
polarized state, Which are output from said ?rst light 
source system, and the signals in the second polarized 
state, Which are output from said second light source 
system; and 

one or more optical ampli?ers, each having the same 
structure as that of said ?ber optic ampli?er according 
to claim 3 and inserted betWeen said ?rst light source 
system and said multiplexer to amplify, of the signals 
output from said ?rst light source system, signals of a 
corresponding channel. 

11. An optical transmitter according to claim 10, Wherein 
the signal channels to be output from said optical transmitter 
are sequentially alternately assigned to said ?rst and second 
light source systems to alternately change the polarized state 
from a short Wavelength side to a long Wavelength side. 

12. An optical communication system comprising said 
optical transmitter according to claim 10. 

* * * * * 


